Introduction {#Sec1}
============

Coronavirus disease of 2019 (COVID-19), caused by infection from severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has spread across the world as a serious pandemic \[[@CR1], [@CR2]\]. SARS-CoV-2, an enveloped virus with non-segmented, single-stranded, positive-sense RNA genome \[[@CR3]\], is a member of the Coronaviridae (CoV) family which causes a predominantly respiratory illness with a wide range of clinical severity, ranging from asymptomatic or mildly symptomatic (fever, cough, dyspnea, myalgias, fatigue, and diarrhea) in a large proportion of patients to severe acute respiratory distress syndrome (ARDS) and fatal multi-organ failure \[[@CR1], [@CR4]--[@CR6], [@CR7]••\]. The disease has a case-fatality rate that ranges from less than 0.5% to more than 7% (average, \~ 3.8%) \[[@CR8]\], with an infectivity greater than that of influenza \[[@CR9]\]. Its high transmissibility and relatively high rate of causing serious complications has led COVID-19 to become a serious public health threat worldwide.

Among various physiological consequences of severe COVID-19, cardiovascular complications have emerged as some of the most significant and life threatening. COVID-19 may present with respiratory failure from pneumonia and ARDS, with or without distributive ± cardiogenic shock \[[@CR10], [@CR11], [@CR12]•\], and severe cardiac injury manifesting as markedly elevated troponin and heart failure \[[@CR12]•, [@CR13]--[@CR14]\]. Cardiac injury has also been associated with increased mortality \[[@CR15]••\]. In a cohort study of 416 patients with confirmed COVID-19, elevated troponin was present in 19.7% of patients during hospitalization and was found to be an independent risk factor for in-hospital mortality \[[@CR15]••\]. The increased incidence of cardiac injury among those with severe systemic inflammatory response syndromes (SIRS) and shock in the setting of COVID-19 also highlights an important relationship between the immune response to the virus and the cardiovascular system. In addition, a high prevalence of pre-existing cardio-metabolic disease has been noted among those with severe COVID-19 \[[@CR16], [@CR17]\], and those with pre-existing cardiovascular conditions suffer increased mortality during COVID-19 infection \[[@CR18]\]. In particular, the reported case fatality rates for COVID-19 are 10.5% in patients with cardiovascular disease, 7.3% in patients with diabetes, and 6.0% in those with hypertension, higher than the case-fatality rate of 3--4% observed world-wide for patients without these co-morbidities \[[@CR7]••\]. Last but not least, the increased frequency of adverse cardiovascular events following the resolution of COVID-19, similar to other viral infections such as influenza \[[@CR19]\], may also play a role in worsening the mortality of patients with COVID-19. Thus, understanding the relationship between the viral-host immune response and the cardiovascular system will be critically important in our care and management of patients with COVID-19 going forward.

Biology of SARS-CoV-2 {#Sec2}
=====================

In order to better understand the biology of viral immune response and how it impacts the heart, we explore here the basic biological mechanisms underlying viral entry into the host cells and the subsequent immune response. Coronaviruses are enveloped viruses with a single-strand, positive-sense RNA genome approximately 26--32 kilobases in size, which is the largest known genome for an RNA virus. Six coronaviruses (CoVs) are known to infect humans: 229E, OC43, SARS-CoV, NL63, HKU1, and MERS-CoV \[[@CR3]\]. In humans, CoV infections primarily involve the upper respiratory tract and GI tract \[[@CR3]\]. Studies have demonstrated that SARS-CoV-2, as well as other corona viruses, requires the angiotensin-converting enzyme 2 (ACE2) for cellular entry \[[@CR20]\]. ACE2 is a type I integral membrane protein that serves an important role in cardiorenal homeostasis. It is also highly expressed in lung alveolar cells, providing the main entry site for virus into human hosts \[[@CR21]\]. It is plausible that the high expression of ACE2 in the lung, gut, heart, and kidneys may facilitate direct damage by the virus throughout the course of infection. One key protein on the virus---the Spike protein (S)---facilitates viral entry into the target cells by the binding of its surface unit, S1, to the ACE2 receptor on the host cell \[[@CR21]--[@CR23]\], followed by cleavage by host-cell protease TMPRSS2 \[[@CR24]\]. Other important SARS-CoV-2 components include the hemagglutinin-esterase protein, the membrane (M) protein, the nucleocapsid protein, the small envelope protein, the internal protein, and group-specific proteins, which could become targets for vaccines in the future \[[@CR25]\]. Of note, SARS-CoV-2 also contains an RNA-dependent RNA polymerase which is the target of the anti-viral agent remdesivir, currently being studied randomized clinical trials for use against COVID-19 disease \[[@CR26]\].

The Role of Host Immune Response {#Sec3}
================================

The host immune response to viral entry is also important to discuss, as pathogenesis in the later stages of SARS-CoV and SARS-CoV-2 infection results not only from direct viral toxicity but also from immune dysregulation and hyperactivity \[[@CR27], [@CR28]\]. Progress in this field, however, has been hindered by the failure to replicate in mice, ferrats, or non-human primates the lethal human immune response in ARDS with the original SARS-CoV strain \[[@CR29], [@CR30]\]. This has led to the development of mouse- or rat-adapted strains of SARS-CoV that have been able to replicate the extensive and often lethal pulmonary disease \[[@CR31]\]. The majority of studies addressing the immune response to respiratory viral infections involve mice infected with a variety of natural and mouse-adapted pathogens.

The process of respiratory viral invasion into the body begins with infection of the airway epithelial cells and the activation of lung-resident dentritic cells (rDCs) via acquisition of the invading pathogen or antigens from infected epithelial cells. These rDCs then become activated, process antigen and migrate to the draining (mediastinal and cervical) lymph nodes (DLN). Naïve circulating T cells in the DLNs then recognize antigens presented on the DCs in the form of MHC/peptide complexes. In combination with additional co-stimatory signals, T cells then become activated, proliferate, and migrate to the infected site \[[@CR32], [@CR33]\]. Upon arrival to the site of infection, T cells produce and release antiviral cytokines including interferon (IFN)-γ, tumor necrosis factor (TNF)-α, and interleukin (IL)-2; chemokines including CXC chemokine ligand (CXCL)-9, 10, and, 11, and cytotoxic molecules such as perforin and granzyme B \[[@CR34]\]. IFN-γ and other effector cytokines directly inhibit viral replication and enhance antigen presentation, while the chemokines released by activated T cells recruit more innate and adaptive cells to combat the pathogen. Granzyme B and other cytotoxic molecules also directly kill infected cells to eliminate the pathogen \[[@CR35]--[@CR38]\].

Recent data from China on SARS-CoV-2 \[[@CR28], [@CR39]\] as well as prior data from SARS-CoV \[[@CR40]\] demonstrate a rapid reduction of T lymphocytes (both CD4+ and CD8+) in the peripheral blood of infected patients \[[@CR27], [@CR41], [@CR42]\]. This is in direct contrast to the proliferative lymphocyte responses seen with other viral infections such as Epstein-Barr Virus (EBV), human immunodeficiency virus (HIV)-1, or cytomegalovirus (CMV), but similar to what happens during other acute viral infections, such as influenza. ﻿The loss of lymphocytes precedes even the abnormal radiographic changes on chest X-ray \[[@CR43]•\]. Despite reduction in T lymphocyte counts, peripheral blood analysis on a patient infected with SARS-CoV-2 demonstrated increased markers of T lymphocyte activation \[[@CR44]\], as evidenced by high proportions of HLA-DR and CD38 double-positive fractions \[[@CR28]\]. Additionally, there was an increased percentage of highly proinflammatory CCR6+ Th17 among CD4+ T cells, and an increased concentration of cytotoxic granules in CD8+ T cells (31.6% perforin positive, 64.2% granulysin positive, and 30.5% granulysin/perforin double-positive) \[[@CR28]\]. Interestingly, one group found that production of IFN-γ by CD4+, T cells but not CD8+ T cells or NK cells tended to be lower in severe cases compared with moderate cases \[[@CR41]\]. CD4+ T cells, in particular, are felt to be especially important in the host-immune defense against SARS-CoV infections \[[@CR45]\]. In addition, disturbances in T regulatory cells (Tregs) were noted in severe cases---with a significantly lower proportion of C45RA+ naïve Tregs (nTregs) and a slightly higher proportion of their memory counterparts CD45RO+ memory Tregs (mTregs) \[[@CR41]\]. On recovery, there is a rapid and significant restoration of CD3+, CD4+, and CD8+ T cells along with B cell and NK cell counts 2--3 months after onset of disease \[[@CR40]\]. Memory CD4+ T cells returned to normal 1 year after onset, whereas other cell counts including total T lymphocytes, CD3+, CD4+ and naïve CD4+ T cells were still lower than healthy controls \[[@CR43]•\]. The mechanism of lymphocytopenia in peripheral blood is unclear but thought to be due to sequestration, with release of sequestered cells upon recovery \[[@CR21]\]. Taken together, these changes in lymphocyte populations suggest dramatic dysregulation, evidence of T cell "exhaustion" and shifts in the adaptive immune response to SARS-CoV and SARS-CoV-2 infections \[[@CR42]\].

In addition to changes in lymphocyte populations, changes in innate immunity likely also contribute to viral pathogenesis, particularly as seen in severe lung and systemic inflammation secondary to cytokine storm. In ARDS, increased levels of cytokines such as TNF-α, IFN inducible protein 10 (IP10), IL-6, and IL-8 are thought to contribute to tissue destruction and poor outcomes \[[@CR46]\], attributed to hyperactivation of macrophage/monocyte lineage cells. SARS-CoV-2-infected patients have high levels of IL-1 beta, IFN-γ, IP-10, and monocyte chemoattractant protein-1 (MCP-1), which probably leads to activated T-helper-1 cell response \[[@CR1]\]. Compared with patients who did not require ICU admission, those requiring ICU admission had higher conentrations of granulocyte colony-stimulating factors (GCSF), IP-10, MCP-1, macrophage inflammatory protein-1 α (MIP-1-α), and TNF-α, suggesting that cytokine storm might affect disease severity \[[@CR47]\]. Additionally, increased levels of type I IFN and a dysregulated IFN-stimulated gene (ISG) response have been seen in patients with severe SARS \[[@CR48], [@CR49]\].

Last but not least, SARS-specific IgG antibodies are produced in the late acute stage (about 2 weeks from symptom onset), gradually increase throughout the course of the disease and are felt to be associated with disease outcome \[[@CR50]\]. The development of anti-SARS-CoV-2 antibodies is highly relevant for both protecting against viral replication/expansion in the infected host as well as providing a source of anti-SARS-CoV-2 convalescent plasma to treat patients with severe disease, although supporting data for efficacy is currently lacking. This is being tested in COVID-19 positive patients under an expanded access program by the FDA \[[@CR51]\].

Viral Toxicity and Myocardial Injury in COVID-2 {#Sec4}
===============================================

Myocardial injury, manifesting as elevated serum troponin levels, has been described in many patients infected with COVID-19, and mortality has been associated with increase in troponin levels \> 99th percentile of the upper limit of normal and with electrocardiographic and echocardiographic abnormalities \[[@CR12]•, [@CR18], [@CR52]\]. In addition, reports of the rarer manifestation of fulminant myocarditis with markedly elevated troponin levels have been reported \[[@CR12]•, [@CR13], [@CR14]\].

There are several thoughts on the mechanism of injury, including direct myocardial injury by the virus through ACE2 entry, hypoxia-induced myocardial injury, microvascular damage and endothelial shedding, and cytokine/inflammation-mediated damage \[[@CR15]••\]. Direct viral toxicity on cardiomyocytes has occurred in the setting of other viral infections such as coxsackievirus-induced myocarditis. In this case, the entry of the coxsackievirus is through the coxsackievirus and adenovirus receptor (CAR) and through release of protease 2A coded by coxsackievirus particles, disrupting the dystrophin cytoskeleton complex \[[@CR53]--[@CR55]\]. In the case of coronavirus, as mentioned above, the spike (S) protein of coronaviruses facilitates viral entry into target cells. Entry depends on binding of the surface unit, S1, of the S protein to ACE2, allowing the virus to attach to the surface of the target cell. In addition, entry requires S protein priming by cellular proteases, which entails S protein cleavage at the S1/S2 and S2' site and allows fusion of viral and cellular membranes, a process driven by the S2 subunit \[[@CR23]\]. It was found that SARS-2-S shares 76% amino acid identity with SARS-S, and both engage ACE2 and employ the cellular serine protease TMPRSS2 for S protein priming for host cell entry \[[@CR22]\]. Interestingly, injection of SARS-CoV Spike protein into mice worsened acute lung failure in vivo, and was attenuated by blockade of the renin-angiotensin pathway \[[@CR21]\]. Also of note, TMPRSS2 is highly expressed in the lung and kidneys, but is present in only low to moderate levels in the heart and blood vessels, suggesting other mechanisms of injury for the latter organ systems \[[@CR56]\]. Lastly, the amount of viral load in SARS-CoV-2 infection correlates with disease severity, with higher viral loads on presentation correlating with worse disease outcomes \[[@CR57]\]. This study highlights the potential importance of direct viral toxicity in the pathogenesis of COVID-19 infections.

In addition to direct damage caused by the virus, there has also been speculation of an ischemic effect, either in the form of demand ischemia from lung pathology or direct toxicity by the virus on the macro- or microvascular level. It has been suggested that, because ACE2 is expressed on the endothelium, it may induce endothelial shedding and dysfunction contributing to vascular damage, local inflammation, and production of procoagulant factors predisposing to thrombosis, similar to the increase in myocardial infarctions observed after influenza infections \[[@CR19], [@CR58]\]. In addition to endothelial inflammation and dysfunction, an increased incidence of abnormal coagulation parameters and of disseminated intravascular coagulation (DIC) has been noted in patients with SARS-CoV-2 infection \[[@CR59], [@CR60]\], contributing to risk of thrombosis and ischemic events that could damage the myocardium.

Immune Responses to SARS-CoV-2 Infection and the Heart {#Sec5}
======================================================

Early reports of fulminant myocarditis have alerted the medical and scientific communities that myocardial inflammation may play a role in cardiac injury during viral infection \[[@CR12]•, [@CR13], [@CR14]\]. However, the exact mechanism of this is currently unclear \[[@CR12]•, [@CR13]\], as acute lymphocyte infiltrates were not noted in the myocardium of a SARS-CoV-2-infected ARDS patient autopsy \[[@CR39]\], where only a few mononuclear inflammatory cells were seen. Currently, there is great interest in obtaining the pathological specimens from patients presenting with markedly elevated troponin and fulminant myocarditis in order to evaluate for lymphocyte-induced myocardial injury in SARS-CoV-2 infection. Consistent with this, no myocardial-specific epitopes have thus far been identified in the setting of SARS-CoV or SARS-CoV-2 infection. Several HLA-A\*02:01-specific T cells recognizing SARS-CoV epitopes have been identified in the peripheral blood mononuclear cells (PBMC) of SARS-recovered individuals, including immunogenic epitopes localized to spike (S) and nucleocapsid (N) protein of SARS-CoV \[[@CR61], [@CR62]\]. Of note, MRI-verified acute myocarditis has been reported in association with MERS-CoV \[[@CR63]\], although the exact mechanism by which it occurs is unknown.

Although no evidence of direct lymphocytic infiltration of the myocardium exists, the dysregulation of T cells can likely contribute to the cytokine storm and multi-organ damage in the setting of coronavirus infection. A recent retrospective, multi-center study of 150 patients confirmed that inflammatory markers, including elevated ferritin (mean 1297.6 ng/ml in non-survivors vs 614.0 ng/ml in survivors, *p* \< 0.001) and IL-6 (*p* \< 0.0001) were associated with more severe COVID-19 infection, suggesting that systemic inflammation may be a significant driver of multi-organ damage \[[@CR18], [@CR64]\]. A separate group has also reported that the serum cytokines IL-2R, IL-6, IL-10, and TNF-α are increased in patients with severe disease \[[@CR41]\]. This systemic release of cytokines, characterized by increased IL-2, IL-6, IL-10, GCSF, IFN-γ, MCP-1, MIP-1-α, and TNF-α, likely contributes to cardiac injury in a situation analogous to cardiotoxicity in the setting of chimeric antigen receptor (CAR)-T cell therapy. A prior study demonstrated that cardiac injury and cardiovascular events in the form of elevated troponin and left ventricular systolic dysfunction are common post-CAR-T; in a cohort of 137 patients with post-CAR-T cytokine release syndrome (CRS), 21% had elevated troponin and 12% developed cardiovascular events including cardiac arrest, decompensated heart failure, and arrhythmias \[[@CR65]\]. Notably in this study, a shorter time from CRS onset to the administration of the IL-6 inhibitor tocilizumab was associated with a lower rate of cardiovascular events \[[@CR65]\]. Of note, tociluzumab may have some benefit in COVID-19 infection, suggesting a common mechanism of injury in the two settings \[[@CR66]\]. The exact mechanism by which cytokines/chemokines damage the myocardium is unknown, but cardiomyocyte and endothelial cell death in the presence of inflammatory cytokines such as TNF-α has been well documented in the literature \[[@CR67], [@CR68]\] .

Host-Specific Variations in COVID-19 Immune Response {#Sec6}
====================================================

Age and gender differences in COVID-19 infection rates have raised interest in possible differences in age- and gender-dependent immune responses to viral exposure. Children account for the minority of laboratory-confirmed cases of COVID-19 in China and appear less susceptible to severe disease \[[@CR69]\]. Although the functions of both innate and adaptive immune immunity declines with aging, this does not typically start until late adulthood, and thus would not fully explain the decreased severity of disease in children compared with even young adults. \[[@CR70]--[@CR72]\]. The effect of age on the immune system can be demonstrated by the low protective titers among 50% of adults older than 65 who receive the influenza vaccine \[[@CR73]\]. Additional information about the differential response of SARS-CoV and SARS-CoV-2 with aging comes from animal models; in comparison with SARS-CoV-MA15-infected young C57BL/6 mice, infection of aged mice (12 months) is associated with severe reduction in the number of virus-specific CD8+ T cells in the lungs \[[@CR66]\].

In addition to the effect of aging, gender is also thought to play a role in outcomes in SARS-CoV-2 infection. One study demonstrated a higher incidence of SARS-CoV-2 infection in older adult males compared with females \[[@CR74]\]. Sex differences in immune response have been noted in literature, although the reasons are not clear. Males experience greater severity and prevalence of bacterial, viral, fungal and parasitic infections than females, who also mount a more robust response to antigenic challenges including infection and vaccination \[[@CR75]--[@CR78]\]. We (Davis et al) have used machine learning approaches to identify a cluster of genes involved in lipid biosynthesis, previously shown to be upregulated by testosterone, which correlates with poor virus-neutralizing activity in men \[[@CR79]\]. Interestingly, the stronger immune response in females is thought to explain why females are more prone to immune-mediated pathologies including autoimmune disease and cytokine storm \[[@CR78]\]. However, in the case of COVID-19, there is no data to currently support a female-predominance toward cytokine storm; if anything, males are prone to more severe disease and mortality \[[@CR74]\]. Thus, it would be important to gather more data and larger number cohort studies on the current SARS-CoV-2 pandemic to study further delineate whether there is a gender-dependent risk for cytokine storm and subsequent cardiac injury in COVID-19 infection.

Treatments for SARS-CoV-2 Infection {#Sec7}
===================================

Various therapies have emerged to treat the various aspects of viral pathogenesis and subsequent immune response, and an understanding of which aspect of disease pathogenesis they target may aide the clinician in knowing when to use them. Treatments which target steps early in the infection process ("respiratory phase" in Fig. [1](#Fig1){ref-type="fig"}) are meant to suppress viral replication and aid the host immune response to fight the virus. When the immune response becomes hyperactive ("sepsis/shock" phase in Fig. [1](#Fig1){ref-type="fig"}) with cytokine storm, immunomodulators that target various harmful inflammatory cytokines may help mitigate end-organ toxicity. Unfortunately, there are currently no FDA-approved therapies for SARS-CoV-2, and no substantial randomized trial data to support any therapy thus far. However, several promising therapies are actively being test in patients including the recently announced multi-center, randomized SOLIDARITY trial (remdesivir, hydroxychloroquine) sponsored by the World Health Organization \[[@CR51]\].Fig. 1Hypothesis of SARS-CoV-2 pathogenesis and immune response in cardiovascular injury. Spike protein (SARS-2-S) on the virus is activated by cellular serine protease TMPRSS2 highly expressed in lung, renal, and gastrointestinal cells and engages with angiotensin-converting enzyme 2 (ACE2) that is highly expressed on respiratory epithelial cells for entry into the host cell. Early infection is characterized by viral replication and direct damage by the virus to host cells, via ACE2/TMPRSS2-mediated cell entry. As infection progresses, pro-inflammatory signals upregulate inflammatory cytokine production by cells in the adaptive and innate immune system, leading to cytokine storm and multi-organ damage

Anti-microbial agents which target the early (pre-systemic) phase of infection include remdesivir, hydroxychloroquine, and azithromycin. Remdesivir is a drug which targets the RNA polymerase, suppresses viral replication, and has strong in vitro evidence of efficacy against SARS-CoV-2 \[[@CR26]\]. Although randomized trial data are still pending \[[@CR51]\], there have been anecdotal reports of improvement after compassionate use of remdesivir \[[@CR80]\]. Lopinavir-ritonavir is another RNA polymerase inhibitor which showed initial promise, but a recently published study from Beijing showed no significant difference in the treatment versus control group, suggesting that the effect, if present, was insufficient to cause a significant clinical response \[[@CR81]\]. Chloroquine has traditionally been used as an anti-malaria drug, but has shown reasonable efficacy against SARS-CoV-2 in vitro \[[@CR26]\]. A single arm study of 20 COVID-19-positive patients treated in France demonstrated some efficacy for the combination of azithromycin and hydroxychloroquine, a safer variation of chloroquine, in SARS-CoV-2 \[[@CR80]\]. Another small non-randomized study showed similar results \[[@CR82]\] However, these were small, non-randomized studies in whose definition of efficacy was based on viral clearance rather than mortality benefit. A subsequent pilot randomized trial in Shanghai comparing hydroxychloroquine and placebo has shown no difference in virologic clearance \[[@CR83]\]. Azithromycin is an antimicrobial agent generally used for antibacterial purposes; however, it also has been shown to inhibit zika virus tropism in the human brain and has been suggested as an adjunct for treatment of intra-cellular microbes in the past \[[@CR80], [@CR81]\]. Since both chloroquine/hydroxychloroquine and azithromycin lead to corrected QT (QTC) prolongation, their use either alone or in combination should be monitored for this potential cardiotoxic side effect \[[@CR84]\].

The second group of therapies is immunomodulators, used to target immune hyperactivity and the cytokine storm that occurs in the later stages of COVID-19 infection \[[@CR64]\]. Monoclonal antibodies have shown some promise in early studies. The IL-6 inhibitors tocilizumab and sarilumab have shown early benefit and are being studied in ongoing randomized trials \[[@CR51]\]. Other therapies including meplazumab (anti-CD147), eculizumab (targets complement), adalimumab (TNF-α inhibitor), and IVIG (saturation of Fc receptors on macrophages, suppression of chemokines/cytokines) are also intended toward reduction of deleterious immune effects \[[@CR51]\]. Interestingly, immune stimulatory agents aimed at enhancing beneficial aspects of the immune response are also being tested---including IFN- β1a, PD-1 inhibitors, and donor convalescent plasma \[[@CR51]\]. There are conflicting data to support the use of glucocorticoids in COVID-19 related ARDS \[[@CR85]\], and even potential evidence of harm in the form of decreased viral clearance in SARS and MERS \[[@CR86]\] and increased mortality in SARS-CoV2 \[[@CR87]\]. Without evidence of acute lymphocytic myocarditis in cardiovascular injury, we do not currently advocate for the routine administration of glucocorticoids for elevated troponin in COVID-19 patients. Randomized trials on both glucocorticoids and IVIG in severe cases of COVID-19 are ongoing \[[@CR51]\].

Conclusion {#Sec8}
==========

SARS-CoV-2 has become a worldwide health threat, with the numbers of infected patients growing rapidly. An increased incidence of cardiac injury has been observed among those with severe infection. The mechanism of cardiac injury is unclear but likely involves a combination of direct viral damage and immune-mediated damage by inflammatory cytokines/chemokines and cytotoxic immune cell response in the later stages of infection. The host immune response and contributors to cytokine storm in SARS-CoV-2 infection are complex. Significant depletion and dysregulation of T lymphocytes may contribute to immune dysregulation and hyperactivity. Cardiac damage in the setting of cytokine storm may be analogous to that seen in cardiotoxicity from CAR-T. Treatments for COVID-19 are bimodal, with one group of treatments targeted toward early infection and viral replication, and another group targeted toward immune modulation in the later, systemic inflammatory phase of infection. With the advent of single cell immune phenotyping technologies, it will be important to perform comprehensive immune surveys of infected patients to better understand systemic perturbations with the infection and downstream cardiovascular effects. More data are needed to help guide us toward definitive treatment and protection of the cardiovascular system in COVID-19 infection.
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